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Abstract 
Vattenfall is presently taking an experimental large-scale pilot test facility into operation for the detailed investigation of the 
oxyfuel firing process. The plant is located southeast of Berlin in Germany in the vicinity of the existing lignite-fired power plant 
Schwarze Pumpe.  
The oxyfuel pilot plant consists of a single 30MWth, top-mounted, PF burner and the subsequent flue gas cleaning equipment, 
electrostatic precipitator, wet flue gas desulpherization and the flue gas condenser. In addition to these components, a CO2
separation plant is placed downstream of the flue gas condenser to produce liquid CO2. A cryogenic air separation unit located at 
the site will supply gaseous oxygen with a minimum purity of 99,5% needed for the combustion. The burner is designed for both 
pre-dried lignite and bituminous coal which will be tested in a later phase. The construction started in January 2007 and the first
major test phase is planned to start in November 2008. 
The liquid CO2 is planned to be used for test injections to qualify the Altmark gas field in Germany as a storage site for CO2 for 
up-coming carbon capture and storage projects and to investigate opportunities for enhanced gas recovery.  
This paper will present some background information and describe the planned measurements. Initial experiences from the 
commissioning of the pilot plant will be presented. 
© 2008 Elsevier Ltd.   
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1. Introduction 
Since the year 2001, Vattenfall has been actively investigating the possibility for Carbon Capture and 
Storage (CCS) in order to reduce the CO2 emissions from its power plants. Vattenfall decided early on to put its 
focus on the development of the oxyfuel technology. However, other CCS-technologies are being investigated as 
well. At the moment, Vattenfall is developing two demonstration projects in the size rage of 300-600 MWth at sites 
in Germany and Denmark to scale up both the oxyfuel technology as well as the postcombustion technology.  
The decision to build the oxyfuel pilot plant was taken in year 2005. The purpose of this test facility is to study 
the entire process chain for the oxyfuel process in an industrially relevant size, starting with the fuel supply and 
ending with the compression and purification of the CO2 rich  flue gases.  
Other publications have given the technical background on the design of the plant, see Strömberg et al. [1], 
Kluger et al. [2], Burchhardt et al. [3] and Ritter et al. [4]. The focus of this present text is instead put upon the initial 
experiences from the commissioning of the pilot plant and the planned test phase. Furthermore, information will be 
provided on the performance of those components which are normally not found in a conventional power plant, the 
air separation unit (ASU) and the CO2 compression and purification  plant. 
2. Technical description of the Oxyfuel Pilot Plant 
The oxyfuel pilot plant is constructed at a site next to the 2 x 800 MW Schwarze Pumpe power station close to 
the city of Spremberg in Brandenburg, Germany. The location at Schwarze Pumpe has been decided since the pilot 
plant can make use of the existing infrastructure at the power plant Schwarze Pumpe. A briquette factory near-by 
provides the fuel used during the test period in the form of pre-dried lignite dust, it also receives the steam produced 
at the oxyfuel pilot plant.  
Figure 1 shows the overall process of the oxyfuel pilot plant, Kluger et al. [2]. The steam generator is designed as 
a natural circulation boiler with three drafts. The 1st draft contains the top-mounted 30 MWth burner, the 2nd and 3rd
draft contain the heat exchanging surfaces with two superheaters and five economisers. A 4th draft has been included 
and will contain the DeNOx catalysts if it will be decided to install such a system. A three-field ESP removes the fly 
ash from the flue gas, operating temperature of the ESP is 170ºC. The secondary (or main) flue gas recirculation is 
located downstream of the ESP. The main recycle is reheated to a temperature of 170-250qC, mixed with oxygen for 
the combustion and then fed back to the furnace, entering either in the burner registers or as overfire oxidant. There 
are several options for mixing oxygen into the combustion system, in the pre-mixed mode all the oxygen is mixed 
with the flue gas at once, all the oxidant streams have then the same O2-concentration. A further option is that each 
oxidant stream can have an individual O2-concentration. Another mixing option is that the required oxygen for the 
fuel combustion is supplied to the furnace through one specific burner register which consists of separate oxygen 
lances (or nozzles) designed for a 100 % oxygen feed. 
The flue gas desulphurisation (FGD) is done by a wet-scrubber using limestone as sorbent. The capacity of the 
FGD has been designed for oxyfuel operation, i.e. the FGD cannot handle the entire flue gas flow under air firing 
conditions. A dry-desulphurisation is applied in the furnace in combination with the existing wet FGD to keep the 
SO2 emissions below the approved value and to manage longer periods of air operation without exceeding the 
emission limits. A two-stage flue gas condenser (FGC) is applied to condense out water and to cool the flue gases to 
about 30qC before the CO2 compression as well as remove water-soluble acidic components. After the FGC, the flue 
gas flow is further split up and one part is used as transport gas (primary recycle) for the coal feed under oxyfuel 
conditions, and the remaining flue gas enters the CO2 compression and liquefaction plant.  
Two flue gas fans (ID fan 1 & 2) have been installed in the flue gas path in order to maintain the under-pressure 
in the flue gas ducts close to atmospheric conditions so to reduce the air ingress into the system. For the same 
purpose CO2 is used as seal and instrument gas. A set of steam heat exchangers are placed in the different gas ducts 
for pre-heating purposes, see Figure 1. 
The ASU is a standard GOX 6000 plant which produces the required gaseous oxygen (GOX). Liquid nitrogen 
(LIN) is produced as a by-product. This system has been completed with two GOX buffer tanks (2x50 m3) to 
maintain stable pressure and flow conditions at the interface to the steam generator. A backup system in the form of 
a LOX-tank and an evaporator has been installed. The evaporator has the full capacity for the required amount of 
GOX, a 150 m3 LOX-tank feeds the evaporator. This arrangement enables increased load changes up to 10%/min.  
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The flue gas is at atmospheric pressure at the interface to the CO2 plant. The CO2 plant is designed to produce a 
liquid CO2 product suitable for truck transport. The purity of the CO2 end product is set to be larger than 99%, the 
target recovery rate is given to be at least 90%, i.e. 90% of CO2 present in the raw CO2-rich flue gas the inlet of the 
CO2 plant should be liquefied. The raw CO2 enters the CO2 plant at a design concentration of 77% at water-saturated 
conditions at about 30qC. The CO2 plant is designed to handle a raw CO2 gas in the range of 50-85% CO2. The main 
steps in the liquefaction are: removal of any remaining water droplets – compression of the raw gas to about 1,25 
bar – adsorption of heavy metals, SOx, HCl and HF in an activated carbon bed – compression of raw gas in two 
stages with intercooling to about 22 bar – removal of remaining water in a bed with molecular sieves – liquefaction 
of the CO2 and separation of the remaining gaseous phase containing mainly N2, O2 and Ar together with gaseous 
CO2 in a stripper. An external ammonia cooling system provides the required cooling. The liquefied CO2 is stored 
on-site in two 180 m3 tanks with the corresponding loading stations for trucks. These tanks operate in the pressure 
range of 15-20 bar and a temperature window of -15 to -50qC. The possibility for re-evaporation of the liquefied 
CO2 in a water bath evaporator is given at a rate of 1500 Nm3/h. A more detailed description of the CO2-plant is 







































Figure 1: Process flow sheet of the oxyfuel pilot plant, Kluger et al. [2] 
2.1. Status of the construction 
Erection of the pilot plant started in March 2007, by April 2008 all mechanical equipment was delivered. The 
initial commissioning phase started with the software tests for the control system as well as component functionality 
tests. The first ignition of the propane ignition burner occurred in early June 2008, the first lignite flame was 
established at the end of July 2008. First steam was supplied to the briquette factory shortly thereafter.  
At present, the final commissioning is ongoing, optimization work is carried out in advance of the performance 
tests to come in September / October 2008. 
2.2. Commissioning of the plant 
The oxyfuel pilot plant is not a standard power plant, which implies that other commissioning and control strate-
gies had to developed and applied. The main differences compared to a conventional power plant are: 
x Handling of pure oxygen, carbon dioxide as well as ammonia (NH3) in the cooling loop of the CO2-plant. 
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x Implementation of different operation conditions: OC 1-Air firing, OC 2-Oxyfuel operation over the stack, 
OC 3-Oxyfuel operation through the CO2-plant.  
This implies different flue gas paths and requires bypass systems and as well as a new control system. These 
specified operating conditions had to be taken into account on the steam generator design. For a safe operation of the 
steam generator with this maximum of flexibility, a complex control and instrumentation system was developed and 
installed.  
The furnace purging procedure has to be adapted according to the plant set-up. Furthermore, due to the varying 
compositions in the flue gas, the flow measurements have to be modified with additional density correction.  The 
implementation of the control systems for the ASU and the CO2 plant into the control system of the steam generator 
presented a challenge. At the ASU-steam generator furnace and the flue gas condenser-CO2 plant interface, it had to 
assured, that the correct pressures and gas flow rate are maintained at all times. Certain controllers have double-
functions, depending on the operating conditions, i.e. they have to be regulated in a certain way in OC 1 and in 
another way in OC 3. 
The use of oxygen, carbon dioxide as well as ammonia implies higher demands on the working safety than those 
found in conventional power plants. Leakage of any of these flows poses hazards to operating personal. Gas warning 
systems have been installed; personal gas alarms are to be carried by personal entering for instance the CO2 plant. 
CO2 detectors are mounted on the floor levels in the steam generator building and the seal gas handling system as 
well as in the CO2 plant. No cellars or any other physical sinks have been built to avoid accumulation of CO2. CO 
levels are not measured, as the ventilation of the steam generator building is sufficient. Ammonia sensors are 
installed both in the building where the cooling system is located as well as outside the building where NH3 is 
handled. All alarms are indicated in the control room of the plant.  
3. Experiences from the commissioning 
3.1. Air separation unit 
The commissioning of the ASU has shown that a cooling-down time of 60 hours is required to reach the 
operating temperature, if the ASU is started from ambient temperature. The ASU is equipped with 15 m3 LIN-tank.  
This LIN can be used to cool down the ASU faster or to keep the ASU at its operating temperature during stand-
stills of the steam generator. LIN is also used for inertisation purposes. 
Two pre-defined control programs support the ASU operators, the Automatic Start-Up (AST) und Automatic 
Load Change (ALC). AST can be applied if certain boundary conditions are fulfilled: the ASU has to be in cold 
condition and all secondary equipment such as pumps and compressors have to be ready for operation. This cold 
condition can be kept for about 1-3 days after shut-down without further cooling with LIN. The levels of the liquids 
in the coldbox can be kept by adding LIN to the coldbox.  
The ALC allows to operators to change the operating condition of the ASU by changing the target values of all 
three product streams: GOX, pressurized GAN and pressurized LIN. Based on these target values, the ALC software 
calculates the transfer and settings of all required valves through a dynamic model. The system will automatically 
correct non-physical target values and gives the operator corresponding alarms. The ALC continuously monitors the 
present settings of controllers and valves and gives out an alarm of this present value differs too much from the 
calculated value. This allows detection of measurement errors. The operating window of the ALC is given in terms 
of the product streams in Table 1. 
Product- / Inlet 
stream
Operating window for 
ALC
GOX 4950 – 6600 Nm3/h
GAN 0 - 200 Nm3/h 
LIN 0 - 200 Nm3/h 
Inlet air flow rate 25300 – 33800 Nm3/h 
Table 1 Operating window of ALC
The ALC and the AST have been tested and optimized 
during the commissioning of the plant. A load change of 25% 
of the ASU should be completed within 25 minutes, this will 
be tested during the final phase of the commissioning, higher 
transients will be tested and their effect on the GOX purity 
will be measured.  
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Figure 2 shows the main parameters for the GOX product stream from the ASU for a load change from full-load 
to about 75% load, as shown by the volumetric air flow and the GOX flow. The cyclic variations seen result from 
the alteration between the two absorbers used to purify the inlet air and the steps pressure-releaseheating
cooling pressure-built-up. 
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 Figure 2: Transient of the ASU
3.2. Furnace and burner 
The first operational experience gained during the commissioning with the steam generator and its indirect firing 
system in air operation mode did not show any unexpected results. The pre-dried lignite was well igniting and 
developed a stable flame. 
After the challenging and time consuming commissioning of the complex control loops required for the safe 
oxyfuel operation, the first operation in oxyfuel mode shows that adjustments to the swirl and the oxygen 
concentration at the burner were required to ensure as well a safe ignition and a stable flame. In both operation 
modes air and oxy firing without any further optimization all the required emission limits could be kept safely. 
With the installed furnace cameras pictures from both flames were taken and shown in Figure 3.  
With the installed furnace 
cameras pictures from both 
flames were taken and shown in 
Figure 3. The oxyfuel flame is 
based on a pre-mixed operation 
mode. 
In Figure 4 a graph taken from 
the process control system 
demonstrates the switch from air 
firing mode to oxy firing mode 
and gives an idea about the 
required time for changing the 
operation mode. 
Figure 3: Pictures from the different flames – left: air operation, right: oxyfuel operation
In addition the enrichment of CO2 in the flue gas is shown. The oxyfuel firing mode results in a CO2
concentration of more than 80 vol% dry. 
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Figure 4: Switch from air to oxyfuel operation mode 
For the coupling of the ASU and the CO2 gas processing unit with the steam generator and the subsequent flue 
gas cleaning equipment only smaller adaptations to the complex control structures were necessary. 
Already during the design phase, erection and commissioning of the steam generator, valuable knowledge was 
developed and gained by the manufacturer with respect to the oxyfuel combustion technology.  
3.3. CO2 compression and liquefaction plant 
The interaction of the CO2 compression plant and the flue gas system upstream is a rather complex task for the 
main control system. Stable pressures have to be established at different dampers for a set of operating conditions. 
Furthermore, a temperature of at least 110qC at the inlet of the stack must be realised at all times when the vent 
gases from the CO2 plant are led to the stack.  
The CO2 plant does not have an automatic start-up such as the ASU. At the inlet of the CO2 plant, a concentration 
of at least 50 vol% CO2 in the flue gas is required. At this point the flue gas damper is opened stepwise and the CO2-
rich flue gas is fed to a pre-compressor for compression to 1,25 bar. This stage is required to overcome the pressure 
drop over the activated carbon bed. Until the main compressor of the CO2 plant is started, this flue gas is vented to 
the atmosphere. The main compression to a pressure of about 22 bar is then initiated. Stable compressor operation is 
needed to build up pressure in the cold liquefaction section including the gas drying in the adsorber, the liquefier, 
CO2-recycle system and the CO2 rectification.
The external NH3-cooling system of the CO2-plant can be started even without flue gas being available for 
compression. This allows short time intervals until liquefaction of CO2 is reached. Figure 5 shows an example of the 
liquid product flow and two temperatures of the product after the cooler as well as after the rectification column. 
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CO2 product flow [Nm3/h]
Temperature of CO2 [qC]
after product cooler     after rectification 
Figure 5: CO2 product flow and product temperature in the CO2-plant 
4. Overview of the test phase 
The initial approach for the planning of the tests in the pilot plant is based upon the basic idea that the mass and 
energy balances have to be closed over the entire plant as well as over the main components. In order to reach this 
goal, a rather extensive instrumentation of the plant was chosen: 
x Sampling ports for coal, ash, different condensate as well as at relevant locations in the ASU and CO2 plant. 
x Measurement ports in the furnace at six measurement levels, three on each wall. Additional ports are installed 
before and after the super-heaters as well as  between the economizers.  
x Two total heat flux sensors at each measurement level on the furnace front wall, see Figure 6. 
x Measurement ports in the flue gas duct before and after the ESP, FGD and FGC as well as in the bypass ducts. 
x An extensive range of measurement equipment has been purchased, these include stationary and mobile flue 
gas analysers, suction pyrometers, gas sampling probes, dust measurement equipment as well as a high tem-
perature anemometer. Sampling equipment for SO3 and other species that require wet-chemical sampling 
methods is available.  
The evaluation of the performance of the oxyfuel pilot plant is 
based upon the temporary test measurements that will be per-
formed and the continuous measurements that are needed for the 
operation of the plant itself. A test measurement and manage-
ment system (DAMAS) system has been developed for data 
storage and evaluation. DAMAS consists of the actual data 
server and two clients, which are used on-site for the data 
evaluation. Remote access to DAMAS is realized. At present 
about 1500 temporary test measurements have been imple-
mented into the data storage and additional 250 values are cop-
ied from the main control system to DAMAS. In total up to 
2000 values can be implemented into the system.
Figure 6: Measurement ports at the furnace front wall
4.1. Content of the test initial test phase 
The test program consists of different test campaigns and covers the entire operating period of the oxyfuel pilot 
plant of several years. Each test campaign has clearly defined goals and consists itself of numerous test series. The 
goals of these test series are the investigation of certain characteristics or other specific measurements in the plant. 
At the present stage, five test campaigns have been defined: 
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x TC 0: Initial operating experiences and commissioning of the measurement equipment  
x TC 1: Benchmark of the oxyfuel pilot plant and establishment of reference data under air firing 
x TC 2: Optimization of oxyfuel operation of the pilot plant 
x TC 3: Test of different burner geometry 
x TC 4: Combustion characteristics of bituminous coal under oxyfuel conditions 
The first test campaigns, TC 0 to TC 3, will cover a range of different conditions and test parameters. TC 0 aims 
at the commissioning of the measurement equipment. It is planned to test the measurement equipment at the 
respective steam generator design point for air and oxyfuel firing under stable conditions. Different criteria for the 
combustion stability will be evaluated. These initial measurements will reveal for instance the flame position and 
will be used to define the measurement grid for detailed profile measurements that will be performed at the 
subsequent test campaigns TC 1 and TC 2.  
The reference data for air firing will be established in TC 1. Here it is intended to operate the steam generator at 
two operating points for about 3 weeks each. During these 2 x 3 weeks tests, profile measurements along the radial 
and the axial flame direction will be performed. Temperature, gas composition and radiation intensity profiles inside 
the furnace will be established. This data will be used to characterize the heat transfer for this particular combustion 
chamber geometry. These tests will also allow the characterization of the other plant components, e.g. ash composi-
tions as well as the sulphur removal efficiency of the FGD.  
TC 2 will deal with the characterization of the oxyfuel operation of the plant. One key parameter is the oxygen 
content in the oxidant feed lines. As mentioned before, two operating modes must be highlighted. Oxygen can be fed 
into the flue gas recirculation loop before the flue gas is distributed to the burner registers. In this case, all registers 
have the same O2 content. The second possibility is to mix the O2 into the flue gas for each burner register 
individually. One register can be fed with pure oxygen. The upper level of maximum 39 vol% of O2 in the total oxi-
dant flow of sets the limitation. Besides these two operating modes, flue gas recirculation rate and excess oxygen are 
key parameters whose effects on the plant performance will be investigated. Differences in the heat transfer rates are 
of main interest, as is the nitrogen- and sulphur-chemistry. 
Material and corrosion tests will be performed both under the air and oxyfuel firing at different operating con-
ditions. Theses tests are of major importance with respect to a future demonstration power plant, as the choice of 
suitable materials will be a key issue. Table 2 shows an overview of the initially planned material tests that will be 
performed. Different types of corrosion probes, all equipped with samples of various materials, will be used for 
these investigations. The probes will mainly consist of conventional constant temperature probes, i.e. all material 
samples have the same temperature or temperature gradient probes, for which the probe cooling is realized such, that 
different material temperatures can be achieved. Various analysis methods will be applied, these include XRD, 
SEM, EDX, LOM, WDX, TEM as well as weight measurements. The exposure time for the corrosion probes in the 
flue gas atmosphere will not exceed 1000 h at one single operation point. Therefore, additional tests with the pre-
exposed samples (with an initial corrosion layer) can be performed in a laboratory oven to investigate the long-term 
effects.
Material Material Material 
Alloy 740  Super 304H sp  TP 347H FG 
Alloy 617M  HR3C  253MA 
Alloy 263  AC 66  HCM12A  
Sanicro 63  Alloy 617M  T92  












660 / 610ºC 







Table 2: Overview of intended material types to be investigated for initial high temperature corrosion tests 
Deposit probes will be inserted into the flue gas path to collect deposit material for laboratory analysis. The 
comparison between air and oxyfuel firing will give information on the slagging and fouling behaviour. The low 
temperature corrosion in the flue gas duct can be investigated by means of coupons installed before and after the 
FGD and FGC. Furthermore, so-called online corrosion sensors are being developed. These sensors give a signal 
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which corresponds to the momentary corrosion rate. However, these sensors do not give an absolute value of the 
actual rate but can be used to monitor changes in the prevailing conditions. More information about these sensors is 
given in Hjörnhede [5].  
5. Storage of CO2 from the Schwarze Pumpe Oxyfuel pilot plant 
The rather small amounts of liquefied CO2 will be trucked from the pilot plant to Altmark in Northern Germany 
for test injection into a nearly depleted gas field. No other transport solution is available for these small amounts of 
CO2. Also other receivers for the CO2 product are being investigated at the moment. The CO2 injection plant is 
designed to enable injection of CO2 of different aggregates, i.e. CO2 will be injected in liquid, gas and supercritical 
phases into a closed-off underground natural-gas-bearing structure. Also pressure and temperature within these 
phases will vary. These test will allow studies of how these different characteristic of the CO2 will affect the natural 
gas that can be recovered from the gas field. At full operation, about 16 ton of CO2 will be injected every hour. 
Around 100000 ton of CO2 will, according to plan, be injected into the underground reservoir during the three years 
long test phase.  
6. Outlook 
The commissioning of the oxyfuel pilot plant has proven the functionality of the oxyfuel technology. The initial 
operation of the plant has already given the first results regarding the interaction between the different plant 
components and the planned test campaigns will further escalate the knowledge, and help in identifying critical 
points in the up-scaling of the technology. Vattenfall aims at using this knowledge in the planning of the next step, 
the construction of an oxyfuel demonstration plant of approximately 250 MWe, gross. The plant location investi-
gated at the moment is in Jänschwalde about 50 km north of Schwarze Pumpe. Vattenfall is presently performing a 
feasibility study together with some industrial partners. In addition to the demonstration of the oxyfuel technology, it 
is planned to demonstrate technology for pre-drying of lignite in order to raise the power plant efficiency. According 
to the present time schedule, it is intended that a decision of construction of the plant will be taken in year 2010 and 
start of operation is expected in year 2013-14.  
The present layout of the oxyfuel process in the Schwarze Pumpe pilot plant will provide the knowledge on one 
potential layout of the process. However several alternative process solutions are possible. The pilot plant has some 
flexibility in providing opportunities, as listed before, to later on test alternative process designs and process 
components. It is also possible to take a slip-stream from the main flue gas flow downstream of the ESP. This slip-
stream can be used to test alternative flue gas cleaning technologies in a smaller scale and also alternative designs of 
the CO2 compression and processing step. Vattenfall is interested in discussing ideas to further advance and improve 
the technology. 
In addition to the development of the CCS-technology, the setting of the legal framework for CO2 transport and 
storage is of major importance to bring the CCS-technology into the power plant and provide competitiveness of 
coal-fired plants under a CO2 emission trading system.  
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